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cycling performance in rechargeable magnesium-ion batteries. However, Mo 6 S 8 only has a theoretical capacity of around 130 mAh g −1 , and could only operate at less than 1.3 V (vs Mg), which is not desirable for high density energy storage. Thus, the pursuit of higher voltage and higher capacity cathode material deserves great attention for magnesium-ion batteries nowadays. Redox-active organic material is another type of promising alternative for magnesium-ion batteries, especially in terms of the resource sustainability and environmental friendliness. To our surprise, although the great success has been achieved for organic cathodes in lithium-and sodium-ion batteries, [ 9 ] only a handful of organic cathodes have been reported for magnesium-ion batteries in the literature. [ 10 ] A common issue for the organic cathodes is that either they could only deliver low capacity even at very slow current rates, or they suffer from considerable capacity loss upon cycling. To implement a stable and sustainable magnesium-ion battery system, herein, we report the development of two new anthraquinone-base polymers, 2,6-polyanthraquinone (26PAQ) and 1,4-polyanthraquinone (14PAQ), as high-performance cathode materials for rechargeable magnesium-ion batteries. 1,5-poly(anthraquinonylsulfi de) (PAQS) was also tested as a baseline material for the magnesiumion batteries, among the three polyanthraquinone materials we evaluated, namely, PAQS, 26PAQ, and 14PAQ. 14PAQ shows the best electrochemical performance for rechargeable magnesium-ion batteries. The nomenclature of anthraquinone [ 11 ] and the structures of PAQS, 26PAQ, and 14 PAQ were shown in Scheme 1 for clarifi cation.
The redox-active anthraquinonyl moieties have already rendered PAQS as very effective Li + or Na + storage reservoir. [ 9c , 12 ] Recently, Dominko and co-workers also reported the performance of the Mg-PAQS batteries using several non-nucleophilic magnesium electrolytes, such as MACC (MgCl 2 -AlCl 3 ), MHCC (Mg(HMDS) 2 -AlCl 3 ), and MTCC (Mg(TFSI) 2 -MgCl 2 ). [ 10e ] We also validated the same PAQS polymer as cathode material for magnesium-ion batteries using our own non-nucleophilic electrolyte. [ 13 ] The presence of carbonyl groups in the anthraquinonyl moieties prevents the use of any nucleophilic magnesium electrolytes, such as the well-known Grignard-based APC (PhMgCl-AlCl 3 ) or DCC ( n Bu 2 Mg + EtAlCl 2 ) electrolytes. [ 3, 14 ] Thus, the non-nucleophilic 0.3 M Mg(HMDS) 2 -4MgCl 2 (HMDS: hexamethyldisilazide) in THF (tetrahydrofuran) solution was chosen as the electrolyte in this study. [ 13 ] The quite similar capacity decay phenomenon has also been observed in our Mg-PAQS batteries when Mg(HMDS) 2 -4MgCl 2 /THF was used as the electrolyte. As shown in Figure 1 , although the good Coulombic effi ciency can be observed in the cyclic voltammetry With regard to the growing environmental crisis resulted from the rapid worldwide energy consumption, energy harvested from sustainable and renewable sources like solar, wind, or tide is desirable. However, the lack of effi cient and economical energy storage devices is still the bottleneck for the practical application of these clean energies. Albeit the great success of lithium-ion batteries (LIBs) in the fi eld of portable electronic applications, the cost and safety barriers make the state-of-theart LIBs not suitable for large power storage or transmission. As alternative solutions, multivalent-ion batteries, such as Mg, Ca, or Al, are promising as the new generation energy storage devices due to their advantages in safety, cost, and capacity. [ 1 ] Therefore, many efforts have been devoted to the development of high-performance multivalent-ion batteries in recent years. [ 1, 2 ] Inspired by the pioneer work by Aurbach et al. in 2000 with the design of the prototype Mg-Mo 6 S 8 battery, [ 3 ] the interest in advanced secondary magnesium-ion batteries blossomed. In recent years, in contrast to the rapid progress of effective electrolytes capable of plating/stripping magnesium reversibly with wide electrochemical windows, [ 4 ] the development of effi cient cathode material is far behind. Materials such as MnO 2 , [ 5 ] V 2 O 5 , [ 6 ] and even novel layered oxyfl uoride [ 7 ] have been reported to facilitate Mg 2+ ion intercalation; however, they also have problems such as irreversible intercalation and low capacity. The incompatibility of the state-of-the-art magnesium electrolytes with metal oxide cathode materials is still problematic to afford high energy density magnesium batteries. New approach to design metal oxide compatible electrolyte has received more attention recently, such as the ionic liquid-base magnesium electrolytes with effi cient magnesium plating/ stripping performance. [ 8 ] However, to date, Chevrel phase Mo 6 S 8 is still the most reliable cathode material with long-term wileyonlinelibrary.com measurement, the capacity continues to decay, and eventually only around 30 mAh g −1 discharge capacity was retained after 100th cycle (70% capacity loss). The Coulombic effi ciency is calculated as high as 94% for the fi rst cycle, and dropped to 88% for the second cycle; however, it came back to above 99% after cycle 11 and stays very high (> 99%) through the rest of the 100 cycles.
The high capacity decay indicates that PAQS is not capable of providing sustainable and long-term cycling performance. However, the excellent chemical reversibility still suggests that the redox-active organic cathode is a very promising material for the development of high-performance magnesium-ion batteries, especially if the capacity retention could be further improved. One of the merits of organic electrodes is the structure fl exibility, which allows for the feasible functionalization to suppress the electrode dissolution. The major issue with the PAQS system arises from the dissolution of the anthraquinone polymer, and therefore we designed different polymers in order to improve the battery performance. Coincidentally, a recent account reporting the polyanthraquinone system for lithiumion batteries was recently published while we are summarizing our quinonyl polymer structure variation studies for the magnesium batteries, and the strategies were developed in order to solve the same problem. [ 15 ] Two anthraquinone-based polymers, 26PAQ and 14PAQ, aiming at improving the capacity retention for advanced magnesium-ion batteries, were synthesized according to the modifi ed literature procedures (see the Supporting Information for details). [ 16 ] As shown in Figure 2 , both the two polymers have shown excellent chemical reversibility in the cyclic voltammogram (CV) measurements using the 0.3 M Mg(HMDS) 2 -4MgCl 2 /THF electrolyte. For 26PAQ, two reduction phases were observed at around 1.71 and 1.52 V(vs Mg/Mg 2+ and the same reference was used hereafter), respectively, corresponding to the stepwise two-electron reduction processes from neutral 26PAQ to [26PAQ ] 2− anions. While only one broad subsequent oxidation phase was detected in CV at about 2.0 V, making the two redox couplings of 26PAQ at about 1.85 and 1.75 V. Similarly, two reduction peaks were also observed for 14PAQ at 1.57 and 1.48 V, and the two subsequent oxidations took place at 1.67 and 1.79 V, respectively. Thus, the stepwise two-electron redox potentials of 14PAQ were experimentally measured at about 1.6 and 1.7 V, which are slightly lower than that of 26PAQ.
Having established the excellent chemical reversibility of 26PAQ and 14PAQ in the 0.3 M Mg(HMDS) 2 -4MgCl 2 /THF electrolyte, their cycling performance was then investigated in magnesium-ion batteries. As shown in Figure 3 a,c, at a moderate current rate of 0.5 C (130 mA g −1 ), 26PAQ cell can initially deliver 122 mAh g −1 discharge capacity, which is slightly better than the performance of PAQS. To our satisfaction, no serious capacity loss was observed in the following cycles. Albeit the capacity decay is still present, the discharge capacity remained at 100.2 mAh g −1 after 100th cycle (82% capacity retention), which is drastically improved compared to the behavior of the PAQS system (30% capacity retention). In contrast to this slow but continuing capacity loss of 26PAQ battery cell, 14PAQ presents a much better cycling stability. As shown in Figure 3 capacity loss was only observed in the fi rst seven cycles from 132.7 to 106.0 mAh g −1 , and since then very little capacity loss was detected in at least 100 cycles. A discharge capacity of 104.9 mAh g −1 can be obtained in the 100th cycle, which only suggests a 1% capacity loss since the 7th cycle. In addition to good capacity retention, Mg-14PAQ battery cell also showed higher Coulombic effi ciency (>99% in the 100th cycle) than that of Mg-26PAQ cell (97.4% in the 100th cycle). In contrast to PAQS or 26PAQ, besides being superior in capacity retention, the Mg-14PAQ also shows a much smaller discharge-charge polarization, and no signifi cant electrochemical polarization increase was observed in at least 100 cycles. A similar small polarization was also observed for 14PAQ in Li-ion batteries, which was attributed to the much smaller HOMO-LUMO (highest occupied molecular orbital-lowest unoccupied molecular orbital*) gap in the molecular level compared to other polyanthraquinonyl derivatives. [ 15 ] In addition to the excellent cycling performance at a 0.5 C rate, the rate performance of ); c) Mg-26PAQ, representative discharge-charge galvanostatic curves; d) Mg-14PAQ, representative discharge-charge galvanostatic curves.
wileyonlinelibrary.com each current rate). As shown in Figure 4 b, the demonstrated cycling stability further highlights the great potential 14PAQ as high-rate and long-term cycling cathode material for rechargeable magnesium-ion batteries. In agreement with the rate capacity performance, as shown in Figure 5 at the elevated current rates of 1 C (260 mA g −1 ) and 2 C (520 mA g −1 ), the Mg-14PAQ cells were further proved to be capable of delivering more than 1000 cycles with very small amount of capacity loss and high Coulombic effi ciency. For instance, at a current rate of 1 C (260 mA g −1 ), a similar capacity decay was detected only in the fi rst 10 cycles from 110.1 to 87.1 mAh g −1 . After the 10th cycle, very little amount of capacity loss was observed, and the discharge capacities of 83.7 and 78.7 mAh g −1 can be recovered in the 500th and 1000th cycles (Coulombic effi ciency > 99.7%) , which suggests a capacity retention of 96.1% and 90.4%, respectively. At faster current rates such as 2 C and 5 C, slightly decreased capacities were obtained. The sustainable cycling performance of Mg-14PAQ battery was further highlighted by the excellent galvanostatic discharge-charge behavior after more than 600 h continuing cycling, as shown in Figure 5 b.
Electrode dissolution was believed to be the major issue accounting for the considerable capacity fading when using organic polymers as electrodes in rechargeable batteries. However, the dissolution of the polymers in their neutral state only represents half of the story, as the solubility and stability of the reduced state (upon discharging) are equally important. Since all the three polymers, PAQS, 26PAQ, and 14PAQ, have shown very limited solubility in the electrolyte solvent THF, the stability and solubility in their reduced states could be responsible for the difference in the cycling performance. As shown in Figure S12 (Supporting Information), upon discharging for each battery cell, the glass fi ber separator from Mg-PAQS cell shows intense orange color, indicating the signifi cant electrode dissolution during the discharging process. In contrast, very little color change has been detected in 26PAQ and 14PAQ. The results suggest that the electrode dissolution is more serious for PAQS, which results in the poor cycling performance and rapid capacity loss upon cycling. Since both 26PAQ and 14PAQ have very limited solubility both in their neutral and reduced states in THF, the structure difference likely accounts for the difference in the long-term cycling performance. Unlike the structurally rigid polymer chain of 26PAQ, the redox-active quinonyl moieties in 14PAQ lie on the side of the main polymer chain, which allows the rotation fl exibility of the anthraquinonyl groups along the polymer chain. This rotation fl exibility helps minimize the space hindrance and relax the structural stress of the polymer, which in turn provides better structure stability for 14PAQ in comparison with 26PAQ. In addition, upon the discharging, the inserted magnesium cation species can be better stabilized by the two adjacent carbonyl (C O) groups via the chelating effect. A similar chelating coordination bonding model has also been demonstrated to account for the enhanced cycling performance when a redox-active quinone-based organic polymer was used in Li-ion batteries. [ 17 ] In addition to the overall improved long-term cycling performance of 14PAQ, the rapid capacity loss in the fi rst few cycles also deserves attention. We speculate that the two adjacent carbonyl groups (C=O) could only stably accommodate one inserted magnesium cation species due to the induced steric hindrance resulted from the chelating interaction. Thus, the stabilized capacity of 14PAQ is only half of its theoretical capacity, and this is in agreement with the experimental observation. In order to gain in-depth redox understanding behind the excellent cycling performance of our Mg-14PAQ battery system, X-ray photoelectron spectroscopy (XPS) ) and 2 C (520 mA g −1 ); b) galvanostatic dischargecharge curves from 996th to 1000th cycles for a current rate of 1 C (260 mA g −1 ).
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wileyonlinelibrary.com Adv. Energy Mater. 2016, 6, 1600140 www.MaterialsViews.com www.advenergymat.de measurements were carried out to investigate the bonding and composition changes for the organic cathodes. Figure 6 a shows the O 1s spectra comparison for the pristine, discharged, and charged states. Clearly, the pristine cathode has negligible C-O-metal (Mg) component (529.9 eV), [ 18 ] while the discharged cathode shows signifi cant C-O-Mg component, suggesting the interaction of magnesium ions with the C=O bond and the formation of the C-O-Mg structure. The subsequent charging process suppressed the C-O-Mg signal in the O 1s spectrum, indicating the recovery of the oxidized 14PAQ from the reduced state. This formation of C-O-Mg is a result as the C=O bond breaks and forms C-O-Mg during discharge, and the decrease of the C-O-Mg peak indicates that upon charge, the C-O-Mg returns to C=O bond. The high-resolution C 1s spectra in Figure 6 b also support the conclusion that the C=O transformed to C-O-Mg during discharge. Since the carbon is the majority of 14PAQ laminate and the binding energy of C-O (285.5-286.5 eV) is overlapped with C-H in 14PAQ, [ 19 ] the changes of C=O and C-O peaks in Figure 6 b are not easy to see due to overall strong carbon signal, but the quantitative ratio changes can be determined from XPS analysis (Table S1 , Supporting Information). Therefore, the redox mechanism involving the reversible C=O to C-O-Mg transformation (i.e., upon the discharging the anthraquinone moieties undergo the reduction to generate hydroxyanthraquinone anions, along with the transformation of C=O double bonds to C-O single bonds) can be established from our XPS measurement, which is similar to the proposed redox mechanism for a few reported quinone-based Li or Na-organic battery systems. [ 9c , 12 ] In summary, a series of anthraquinonyl-based polymers have been prepared and evaluated as high-performance organic cathode for rechargeable Mg-ion batteries. Excellent chemical reversibility can be obtained for all the three candidates, PAQS, 26PAQ, and 14PAQ. However, the inherent capacity decay suggests that PAQS is not capable of providing sustainable cycling performance in magnesium-ion batteries. Whereas, the replacement of PAQS by 26PAQ successfully suppressed the capacity fading, and the Mg-26PAQ battery cell can deliver above 100 mAh g -1 discharge capacity in 100 cycles (82% capacity retention) at a reasonable rate of 0.5 C (130 mA g −1 ). In contrast to this slow but still continuing capacity fading of the Mg-26PAQ batteries, the Mg-14PAQ system shows the best cycling stability among the series. The considerable capacity loss was only observed in the fi rst few cycles for Mg-14PAQ battery cells, and very small amount of capacity loss was observed in the next hundreds of cycles. For instance, at a current rate of 0.5 C (130 mA g −1 ), 104.9 mAh g −1 discharge capacity can be obtained in the 100th cycle, which suggests a 99% capacity retention since the 7th cycle. This superior cycling stability and rate capacity of the Mg-14PAQ system were further highlighted by more than 1000 successful cycles at elevated current rates with small amount of capacity loss. In addition to be superior to other reported organic cathodes for rechargeable magnesiumion batteries, our Mg-14PAQ system also represents one of the very few magnesium-ion battery systems capable of providing stable and long-term cycling performance. While compared to the state-of-the-art Chevrel Mo 6 S 8 (below 1.3 V discharge voltage), Mg-14PAQ can be operated at much higher working voltages (about 1.6 V discharge voltage at a current rate of 0.5 C), and capable of delivering much higher capacities both theoretically and experimentally. The success of the Mg-14PAQ system further highlights the potential of magnesium-ion battery as the new generation energy storage devices, and will also benefi t for the continuing development of low cost and environmentally benign redox-active organic cathode materials with higher energy density for the magnesium storage.
Experimental Section
General Consideration : All synthesis and characterization were carried out in argon-fi lled glove boxes or argon-fi lled Schlenk line unless otherwise noted. Chemicals were purchased commercially and used without further purifi cation. Mg(HMDS) 2 -4MgCl 2 /THF electrolyte, PAQS, 26PAQ, and 14PAQ were all prepared according to reported procedures (see the Supporting Information for details).
Cathode Laminate Preparation : The laminates were prepared by mixing the active organic polymer material, Timcal Super C45 carbon black, and poly(vinylidene difl uoride) binder with a weight ratio of 4:5:1 by N -methyl-2-pyrrolidione, and the resulting slurry was coated onto Graftech Grafoil graphite foil. The laminates were dried in a 75 °C oven for 2 h before they were cut into electrodes with a diameter of 7/16 in. The electrode laminates were then dried in vacuum at 120 °C for more than 12 h before use. Each laminate contained around 1.0-1.5 mg of active material.
Electrochemical Measurement : CV measurement was carried out using a Princeton Instrument's Parstat MC potentiostat, and three consecutive www.MaterialsViews.com www.advenergymat.de cycles were performed for each experiment. CV of the electrolyte was carried out using three-electrode setup with platinum disc (2 mm in diameter, CH instruments, Austin, TX) as the working electrode and freshly polished magnesium ribbons (Sigma-Aldrich, > 99.5% Mg basis) as the counter and reference electrodes. CV of the cathode material was carried out with the two-electrode setup in the 2032-type coin cells using cathode laminate as a working electrode, freshly polished magnesium disc (7/16 in.) as both the counter and reference electrodes, and the 0.3 M Mg(HMDS) 2 -4MgCl 2 /THF as the electrolyte. The cell cycling performance was carried out using the 2032-type coin cells on a Maccor series 4000 cycler with the cutoff of 0.5 and 2.5 V at room temperature. X-Ray Photoelectrospectroscopy : The XPS spectra were collected at the Keck II facility of NUANCE at Northwestern University with an Omicron ESCA probe using monochromated Al Kα X-rays. A low-energy electron fl ood gun was used to compensate the XPS-induced surface charging effects. The carbon 1s line (284.8 eV) was used as the reference to calibrate the XPS spectra.
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Supporting Information is available from the Wiley Online Library or from the author.
